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ABSTRACT
Multiferroic BiFeO3 (BFO) shows several phonon modes at infrared (IR) to THz energies, which are expected to carry information on any
sample property coupled to crystal lattice vibrations. While macroscopic IR studies of BFO are often limited by single-crystal size, scattering-
type scanning near-ﬁeld optical microscopy (s-SNOM) allows for IR thin ﬁlm spectroscopy of nanoscopic probing volumes with negligible
direct substrate contribution to the optical signal. In fact, polaritons such as phonon polaritons of BFO introduce a resonant tip–sample cou-
pling in s-SNOM, leading to both stronger signals and enhanced sensitivity to local material properties. Here, we explore the near-ﬁeld
response of BFO thin ﬁlms at three consecutive resonances (centered around 5 THz, 13 THz, and 16 THz), by combining s-SNOM with a
free-electron laser. We study the dependence of these near-ﬁeld resonances on both the wavelength and tip–sample distance. Enabled by the
broad spectral range of the measurement, we probe phonon modes connected to the predominant motion of either the bismuth or oxygen
ions. Therefore, we propose s-SNOM at multiple near-ﬁeld resonances as a versatile and very sensitive tool for the simultaneous investigation
of various sample properties.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5133116
Bismuth ferrite, BiFeO3 (BFO), is a perovskite of the highest
scientiﬁc and technological interest,1 which shows many fascinating
properties such as ferroelectric and antiferromagnetic—i.e.,
multiferroic—responses,1,2 conductive domain walls,3 and anoma-
lous photovoltaic effects.4 Interesting applications are proposed for
multiferroic memory devices and spintronics1 and as the base
material for energy storage devices.5
For deeper understanding of the multiferroic nature of BFO,
detailed knowledge on the various excitations that occur at low
energies—i.e., at infrared (IR) to THz wavelengths—such as phonons,
magnons, spin excitations, and combinations thereof is essential.
Following scientiﬁc interest in BFO, these excitations have been
probed with a manifold of techniques, e.g., Raman and IR spectros-
copy, time-domain terahertz spectroscopy, and neutron scattering.6
Among these methods, IR spectroscopy may be considered one of the
most direct methods to probe IR active phonon modes. It has been
applied to ceramic BFO samples,6–9 bulk single crystals,10,11 and thin
ﬁlm samples at cryogenic temperatures.6 However, the phonon infor-
mation obtainable via standard IR spectroscopy suffers from severe
drawbacks: ceramic samples generally show lower crystal quality than
bulk samples and yield averaged phonon properties because of their
polycrystalline nature.6–9 Due to the relatively large probing volume of
(far-ﬁeld) IR spectroscopy, available bulk crystals are usually too small
for fully polarization-dependent measurements at larger wavelengths/
lower energies.6,10,11 Therefore, while on bulk samples the E-symmetry
phonon modes could be completely characterized (spectral position,
oscillator strength, and damping),10,11 for the (also IR-active) A1 pho-
non modes, only the spectral position could be assigned.10 For IR
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spectroscopy on thin ﬁlm samples, the large probing volume causes
the sensitivity of the method to depend on optical properties of the
substrate.6
Near-ﬁeld spectroscopy and scattering-type scanning near-ﬁeld
optical microscopy (s-SNOM) combine the material speciﬁcity of opti-
cal and IR techniques with the wavelength-independent12,13 nanoscale
resolution of atomic force microscopy,14–17 making s-SNOM an out-
standing tool for investigations down to the THz region.13,17–22 In
addition to the spatial resolution, the probing depth of s-SNOM of
about 100nm21,23–26 presents a major advantage for the investigation
of small volumes or thin ﬁlm samples, allowing for IR thin ﬁlm spec-
troscopy with negligible direct substrate contribution to the optical
signal.27
The signal strength of s-SNOM is greatly enhanced via polariton-
induced resonant tip–sample interaction,12,17,27,30–32,34–45 which is of
special advantage when exploring technically challenging wavelength
regimes,17,45 such as the “THz gap” (30–300lm, i.e., 1–10THz).46
Particularly, sample-resonant s-SNOM provides enhanced sensitivity
to the smallest material variations such as doping level and charge car-
rier concentration,22,36,39,47 optical anisotropy tensor orientation in
ferroelectric materials,30,31,40,48 polymorphism,36 and local stress distri-
bution.37 Crystalline materials support several excitation modes, mak-
ing broad-wavelength observation of multiple characteristic material
resonances in a single material most desirable.42
Here, we investigate three consecutive phonon-polariton-induced
near-ﬁeld resonances in BFO with respect to both the spectral position
and the dependence on tip–sample distance h. The smallest-
wavelength near-ﬁeld resonance of BFO at 18 lm (16.7THz) was
partly investigated in the context of BFO-based superlenses;49 the
longest-wavelength resonance investigated is found at 60lm
(5.0THz), i.e., within the THz gap.
We examine two epitaxially grown BFO thin-ﬁlm samples on the
(001) SrTiO3 substrate: For our measurements at wavelengths
k 18 lm, we use a thin ﬁlm of 200nm thickness grown by pulsed
laser deposition and at k > 18 lm we study a ﬁlm of 1050nm thick-
ness grown by chemical vapor deposition. Different ﬁlm thicknesses
were used due to sample availability. Employing the literature E-
symmetry phonon data and suitable formula given by Lobo et al.,10 we
calculate the permittivity e ¼ e0 þ ie00 of BFO in the wavelength range
from 5 to 70lm [Fig. 1(a)].50 For the displayed permittivity, we
FIG. 1. In the IR wavelength range from
5lm  k  70 lm, BFO shows three
regions with e0 < 0, enabling resonant
near-ﬁeld enhancement. (a) Overview of
the permittivity e ¼ e0 þ ie00 of BFO calcu-
lated from literature data.10 For better visi-
bility, e is multiplied with a factor of 0.1 for
k > 30 lm. We distinguish three interest-
ing regions where e0 changes the sign
from positive to negative, which are
marked with boxes; enlarged views are
displayed in (b2), (c2), and (d2), respec-
tively. In these regions, the phonon modes
are dominated by either the motion of the
oxygen or bismuth ions:10,28 (b1), (c1),
and (d1) show a sketch of the respective
ion position within the BFO unit cell.57 As
predicted (refer to the main text), in the
three selected wavelength regions, an
enhanced near-ﬁeld response (NF) is
observed. Corresponding to the wave-
length range of (b2), (c2), and (d2),
respectively, (b3), (c3), and (d3) each dis-
play three near-ﬁeld spectra taken at tip-
sample distances h¼ 0 nm, 50 nm, and
100 nm. Wavelength regions of the
enhanced near-ﬁeld response are shaded
in (b2), (c2), and (d2). (b4), (c4), and (d4)
show the spectral near-ﬁeld response for
tip–sample distances 0 nm  h 
250 nm, with the h-positions of (b3), (c3),
and (d3) marked by horizontal lines. A
characteristic blueshift of the enhanced
near-ﬁeld response with increasing
h27,29–33 is clearly observable, leading to a
typically lobe-like feature in the false color
plots.27,30,31,33 As a guide to the eye, in
(d4), the approximate position of the ﬁrst
lobe is marked with a white shaded area.
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calculate the expected near-ﬁeld response using the dipole model52,53
(see the supplementary material). As a rule of thumb for sufﬁciently
low absorption, a near-ﬁeld resonance may be observed whenever the
real part of a material’s permittivity e0 falls in the range of
10  e0res  1, with e0res depending on the imaginary part of the
permittivity e00.12,27,35 In the calculated wavelength region, BFO shows
three spectral positions that fulﬁll this condition [marked with boxes in
Fig. 1(a) and enlarged in Figs. 1(b2), 1(c2), and 1(d2), respectively].
Note that close to an absorption maximum (i.e., for large e00), no
observable near-ﬁeld resonance is expected due to pronounced damp-
ing, even for suitable e0. Calculations also predict that the spectral
position of a near-ﬁeld resonance must blue shift with the increased
tip-sample distance,29,51 which has been experimentally conﬁrmed for
mid-IR wavelengths,27,29–33 but so far it has not been explored at larger
wavelengths.
The wavelength regions of interest are investigated with a home-
built s-SNOM that implements demodulation at higher harmonics of
the mechanical cantilever oscillation frequency53,54 and a self-
homodyne detection scheme, with the latter leading to a combined
response of near-ﬁeld amplitude and phase.17,53 For illumination, we
use the tunable narrow-band free-electron laser (FEL) at the Helmholtz-
Zentrum Dresden-Rossendorf (HZDR), Germany,27,31,40,41,55 which is a
linearly-polarized, pulsed laser source at 13MHz repetition rate cover-
ing the wavelength range of 5–250lm, i.e., 1.2–60.0THz.56 The experi-
mental setup is described in detail elsewhere.13,27 For detection at
mid-IR wavelengths, we use liquid-nitrogen-cooled mercury cadmium
telluride (MCT) detectors having different cut-off wavelengths. In the
THz range, we utilize a liquid-helium-cooled gallium-doped germanium
(Ge:Ga) photoconductor, while the experiment is performed in a
nitrogen-purged environment. The near-ﬁeld response is normalized to
the incident power and the corresponding detector response and has
been investigated with respect to both tip–sample distance h and inci-
dent wavelength k.
The measured near-ﬁeld spectra (second-harmonic demodula-
tion and p-polarized incident light) are displayed in Figs. 1(b3)–1(d4),
with wavelength ranges matching to the permittivity e in Figs. 1(b2),
1(c2), and 1(d2), respectively. Figs. 1(b3), 1(c3), and 1(d3) each display
near-ﬁeld spectra recorded at the three different tip–sample distances
h ¼ 0nm, 50nm, and 100 nm. Figs. 1(b4), 1(c4), and 1(d4) present
false-color plots of spectra for 0 nm  h  250 nm. As expected, an
enhanced near-ﬁeld response is observed in all three wavelength
regions, as discussed in the following. Note that the permittivity data
displayed in Figs. 1(b2), 1(c2), and 1(d2) may be used for qualitative
comparison only, as it is derived from literature data for a single polar-
ization direction,10 and sample properties may vary, e.g., due to sub-
strate effects and different growth conditions.7,10
The near-ﬁeld resonance at the smallest wavelengths [Figs. 1(b3)
and 1(b4)] is induced by phonon modes dominated by the collective
motion of the oxygen ions.10,28 Figure 1(b1) displays their position
within the BFO unit cell. The enhanced near-ﬁeld signal starts at
kres;1 16:7lm (18.0THz) and shows two local maxima at
k  17:2 lm (17.4THz) and17:9lm (16.8THz). Note that the self-
homodyne detection scheme may introduce additional maxima/min-
ima not present when using other detection schemes.27
Similar to the ﬁrst resonance, the second near-ﬁeld resonance is
connected to oxygen motion [Fig. 1(c1)].10,28 It also shows two local
maxima and is observed for kres;2 22:1 lm (13.6THz) [Figs. 1(c3)
and 1(c4)], which corresponds to a width of  1:4lm. While the sec-
ond resonance continues beyond the large-wavelength end in Figs.
1(c2)–1(c4), the wavelength range is sufﬁciently large to show the ﬁrst
near-ﬁeld resonance continuing to kres;119:4 lm (15.5THz).
Assuming similar material properties for the 200nm-thick and
1050nm-thick ﬁlms, this yields a total width of the ﬁrst near-ﬁeld res-
onance of approximately 2.7lm.
Different from the ﬁrst two resonances, the third resonance [Figs.
1(d3) and 1(d4)] is related to phonons dominated by the motion of
the bismuth ions [Fig. 1(d1)].10,28 An enhanced near-ﬁeld response
occurs at kres;3 58:6 lm (5.1 THz) and continues throughout the
wavelength range of the measurement, i.e., up to 65:0lm (4.6THz),
resulting in a width of  6:4 lm. Similar to the other resonances, two
local maxima can be observed. Here, the ﬁrst local maximum [approx-
imate position marked with a white shaded area in Fig. 1(d4)] could
be measured partly only, as certain wavelengths exist at which the FEL
was not lasing for the used undulator and cavity settings. In Figs. 1(d3)
and 1(d4), this applies to the two wavelength ranges from approxi-
mately 57.8 to 58.7lm and 59.5 to 61.5lm.
A summary of the wavelength ranges and spectral widths of all
measured resonances is listed in Table I. All investigated resonances
conﬁrm the expected, characteristic blueshift with increasing tip-
sample distance h,27,29–33 which results in a typical lobe-like shape in
the false-color plots [Figs. 1(b4), 1(c4), and 1(d4)].27,30,31,33 A similar
behavior of the resonances suggests that at larger wavelengths the
interaction mechanism between the probe and the sample is the same
as for lower wavelengths, as expected. Yet, it is an important observa-
tion that resonant near-ﬁeld examination provides well-observable sig-
nals over the whole mid-IR and even the far-IR/THz regime.
Comparing the observed near-ﬁeld resonances with the permit-
tivity data derived from the literature,10 we ﬁnd the following: for the
two modes that are dominated by oxygen motion, the corresponding
resonances [Figs. 1(b3), 1(b4), 1(c3), and 1(c4)] match well to the mac-
roscopic data, showing enhanced near-ﬁeld signals for
6  e0res  1. For the third resonance [Figs. 1(d3) and 1(d4)], the
agreement of the spectral position with the expectation derived from
the permittivity [Fig. 1(d2)] is less accurate. Particularly, a signiﬁcant
enhancement of the near-ﬁeld signal is observed for wavelengths as
small as 58:6 lm, for which the literature assumes permittivity values
of e ¼ 2:6þ 6:6i. Hence, no resonant enhancement is expected, albeit
the resonance will be broadened due to the larger imaginary part e00
compared to the resonances at smaller wavelengths (see the supple-
mentary material). The mismatch may partly be explained by different
growth conditions of our sample in comparison to literature data.
However, we assume that the polarization of the probing ﬁeld plays
the major role in this spectral mismatch: The literature data were
obtained for phonon modes with E symmetry, i.e., corresponding to
TABLE I. Wavelength k, frequency , and spectral width Dk of the BFO near-ﬁeld
resonances investigated.
No. kstart (lm) start (THz) kend (lm) end (THz) Dk (lm)
1 16.7 18.0 19.4 15.5 2.7
2 22.1 13.6 23.5 12.8 1.4
3 58.6 5.1 65.0 4.6 6.4
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an optical polarization within the crystallographic ab-plane.10 On the
other hand, s-SNOM is generally sensitive to an average over different
polarization directions,30,31,48 which here means sensitivity to both E
and A1 phonon modes. Depending on the reference at room tempera-
ture, two10 or even three7,8 of the four7,8,10,28 A1 modes are expected
within the range spanning from 44 to 76lm, i.e., at wavelengths close
to this near-ﬁeld resonance, which will, hence, inﬂuence the permittiv-
ity and thereby the spectral position of the resonance. Notably, the
strength of the A1 modes in BFO increases with the wavelength,
8
which explains their enhanced signiﬁcance for the long-wavelength
near-ﬁeld resonances.
The spectral position obtained for BFO resonance at the smallest
wavelength agrees very well with near-ﬁeld resonances previously
found around kres  18 lm on thin ﬁlms and being reported in the
context of BFO-based superlenses.49 Here, we also determined the
spectral positions of the BFO near-ﬁeld resonances at larger wave-
lengths and their dependence on the tip–sample distance. Since differ-
ent near-ﬁeld resonances are induced by different polariton modes
(here phonon modes) that are related to the motion of different atoms
within the crystal, we assume that access to multiple modes will also
provide a possibility to optically probe different sample properties,
which will be a most intriguing topic for future research. Additionally,
different polaritonic resonances may show different near-ﬁeld
decays.33 Here, our results may help to develop a new technique to dis-
tinguish different polariton modes over a very broad wavelength
regime.
In conclusion, we investigated three consecutive phonon-induced
near-ﬁeld resonances in BFO from the mid-IR up to the far-IR/THz
regime. The small probing volume of s-SNOM allowed for investigat-
ing thin ﬁlm samples with negligible direct substrate inﬂuences. For all
resonances, i.e., including the so far unexplored resonances at larger
wavelengths, we could observe the same characteristic blueshift with
increasing tip–sample distance known from mid-IR resonances. For
the two near-ﬁeld resonances attributed to motion of oxygen ions in
the crystal, we ﬁnd an excellent match to macroscopic literature data.
Notably, the resonance at the longest wavelength, dominated by bis-
muth ion motion,28 appears at slightly smaller wavelengths than
expected from literature, which we attribute to an additional excitation
of A1-modes in the crystal. Depending on the wavelength regime, the
BFO near-ﬁeld resonances investigated here are connected to motions
either dominated by oxygen or bismuth ions.28 Therefore, we propose
using s-SNOM at multiple near-ﬁeld resonances as a sensitive tool for
the simultaneous investigation of different sample properties.
Expanding sample-resonant s-SNOM regarding both the investigated
wavelength regimes and dependence on the tip–sample distance, our
work highlights the potential of this technique for the nanoscale opti-
cal material characterization, especially for nanospectroscopic inspec-
tion of thin ﬁlms.
See the supplementary material for calculations of the expected
near-ﬁeld response using the dipole model.
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